Abstract The yield-per-recruit (YPR) analysis has been used to assess growth overfishing of exploited fish stocks. Since the ex-vessel price per weight widely depends on the size of the fish, the result of the YPR does not imply the revenue. The value-per-recruit (VPR) analysis, which is an economic expansion of the YPR analysis, was conducted for bighand thornyhead Sebastolobus macrochir caught off the Pacific coast of northern Honshu, Japan. The results showed that, for the current age at first capture (t c = 3), the current fishing mortality (F = 0.12) was close to the optimum level. However, for the current F, optimum t c in the VPR model was 8 years and would lead to a 47% increase compared to the current revenue. The maximum YPR was obtained at t c = 6 years, but the revenue at t c = 6 only gave a 20% increase in the maximum revenue. The difference was caused by the size dependency of the ex-vessel price per weight. The VPR model would generate fisheries management plans with both economical and biological consideration and would help in making general consensus of fisheries management strategies.
Introduction
The rapid development of fisheries around the world has resulted in intensive exploitation of resources [1] [2] [3] [4] . For most of the open accessed stock, fisheries catch fish that are smaller than the optimal size, resulting in the condition of growth overfishing [5, 6] . Some papers have revealed the huge economic losses of growth overfishing [5, 7] . Growth overfishing not only reflects ineffective stock usage, but also leads to recruit overfishing from the depletion of spawning stock, accelerating the depletion of the stock [4] .
Generally, the yield-per-recruit (YPR) model [8] has been used to assess growth overfishing. The model estimates the YPR for various fisheries activities (fishing mortality and fish size), describes the current usage of the stock, and suggests policies to enhance the yield. YPR analysis focuses only on yield and does not consider economic aspects. The ex-vessel price per weight increases with the fish size [9, 10] ; thus, catching larger fish would lead to more economic benefits than increasing yield. Because the main objective of fishers is often to maximize revenues rather than maximize landing weight [11] , an economic aspect should be built into fisheries management models.
As an economic expansion of the YPR model, Hayashi and Hasegawa [12] proposed the value isopleths diagram and applied it to a prawn fishery in 1968. The same idea has been mentioned as value-per-recruit (VPR) model [13] , utility-per-recruit model (U/R) [14, 15] , or revenue-perrecruit (RPR) model [16, 17] . These ideas have appeared without citations, were developed independently, and were not widely applied for fishery management. Since these analyses directly quantify the economic merits of fishery regulations and, in most of the cases, widely differ from the results of YPR analysis, these analysis should be of more interest to managers and fishers [15] .
The bighand thornyhead Sebastolobus macrochir is a high-priced fishery resource and is an important target species for small and medium trawl fisheries off the Pacific coast of northern Honshu, Japan [18, 19] (Fig. 1) . The species has a slow growth rate and a long lifespan [20] . Figure 2 shows the catch of the species caught in this area, and the fishing effort in Iwate prefecture using the bull trawl, which is the main gear for this species. The catch of the species in this area has declined from 3,585 t in 1975 to 259 t in 1999. However, the decrease in the fishing effort has been largely delayed, possibly because of the high price of the fish. The length composition of this species in 2005 is shown in Fig. 3 , and the mode was around 9 cm, which is much smaller than the length at female first maturity (ca. 15 cm) [20] . This is partly because of the better recruit that occurred in 1999-2002, but it reflects the ability of the small-fish fishery and the demand for the species. To avoid growth overfishing and to enhance the proper use of this stock, regulation of the small-fish fishery was considered. Since, for this species, the ex-vessel price is largely depend on fish size (see ''Results''), the economic merits of small-fish fishery regulations is expected to be much larger than that implied by YPR analysis.
In this study, biological and economic data of bighand thornyhead Sebastolobus macrochir caught off the Pacific coast of northern Honshu, Japan, were analyzed by the VPR model as well as the YPR model, to describe the current fishery situation and to forecast the economic effect of fisheries management. 
Materials and methods

Yield-per-recruit model
Because the VPR model used in this study is an expansion of the traditional YPR model [8] , we briefly describe the YPR model. YPR can be described as
where F is the fishing mortality, w t is the weight of a fish at age t, t c is the age at first capture, t max is the maximum age, and R is the number of fish at the age at recruitment t r . N t is the number of fish at age t and is described as
Combining this equation with von Bertalanffy's growth curve, YPR can be calculated as
where W ? , K, and t 0 are the parameters of von Bertalanffy's growth curve. M is the natural mortality and U n is the summation parameter U 0 ¼ 1;
For the numerical calculation, this equation can be converted into a discrete form as
where w 0 a is the weight of a fish at age a ? 0.5, which is an approximation of the average at age a (from exactly age a to just before age a ? 1).
Value-per-recruit model
The VPR is described as
where p t is ex-vessel price per fish at age t and the other notations are same as the YPR model described above. This model is equivalent to Hayashi and Hasegawa [12] . For the numerical calculation, this equation can be converted into a discrete form as
where p 0 a is the ex-vessel price of fish at age a ? 0.5, which is an approximation of the average at age a (from exactly age a to just before age a ? 1).
Ex-vessel price
The relationship between body size and ex-vessel price used in the VPR model was obtained from the recorded data from January 2004 to March 2005 from small and medium trawlers at Hachinohe fishing port, which is one of the main ports for this species along the Pacific coast of northern Honshu, Japan.
The ex-vessel price data included the catch in weight (kg) and the price (Japanese yen, JPY) for the different size categories, defined as the number of fish per box. The body sizes for categories were derived from the measurement data of Hachinohe Station, Tohoku National Fisheries Research Institute, Fisheries Research Agency. The data included the mean standard length (mm) for each of the categories from ''10'' to ''80,'' the number of fish per box. A total of 1,668 ex-vessel price data were used in the analysis.
To estimate the weight of a fish in each category, a logarithmic function was fitted to the total weight of the box, and the number of fish per box was based on the data from 1995 to 2004. The total weight per box can be described as
where Z is the total weight per box (g) and X is the number of fish per box (n = 14, r 2 = 0.9957, P \ 0.001). From this equation, the average weight of a fish in each category was estimated as Z/X.
Then, the ex-vessel price per fish at a given weight was plotted and fitted to the Gompertz curve [21] 
where p is the ex-vessel price per fish (JPY) and w is the weight per fish (g). Constant parameters a, b, and c were estimated by fitting the ex-vessel price per weight and the curve given in Eq. 8 by minimizing the sum of square residuals by using the nonlinear least squares method (Table 1) . Von Bertalanffy's weight-growth curve is described as follows Table 1 lists the reported parameters [20] . Although the longevity of bighand thornyhead was reported to be at least 20 years [20] , it is likely longer considering that the Fish Sci (2011) 77:497-502 499 estimated longevity of the shortspine thornyhead, a species related to bighand thornyhead, is 40 years [22] . Thus, t max was set to 40 ( Table 1) . The average ex-vessel price per fish at age a p 0 a À Á was calculated by combining the ex-vessel price at a given weight (Eq. 10) with the growth curve (Eq. 11) as
The estimated weight and ex-vessel price are shown in Fig. 4 .
The current fishing mortality was set at 0.12/year, derived from the average fishing mortality from 2005 to 2007 [20] . The current age at first capture was 3 years based on the length composition of the catch [20] . Figure 5 shows the contours of YPR and VPR. At the current fishing mortality F = 0.12, the YPR was 89.6 (g/ recruit), while VPR assessment showed that the VPR of the stock was 79.1 (JPY/recruit) (Fig. 5) . At the current age at first capture, YPR and VPR were maximized at F = 0.16 and 0.10, and the maximized YPR and VPR were 91.3 and 79.6, respectively (Fig. 6a) . Both models suggested that the level of fishing mortality for the current age at first capture gave almost the optimum revenue and yield.
Results
However, the revenue from the stock could potentially be increased. When the fishing mortality was fixed at F = 0.12, the maximum VPR (116.3 JPY/recruit) was obtained at t c = 8 years (Fig. 6b) . This would lead to a 47% increase compared to the current revenue. The maximum YPR (101.2 g/recruit) was obtained at t c = 6 years, but the revenue at t c = 6 (107.3 JPY/recruit) only gave a 20% increase in the maximum revenue.
Discussion
In situations where small-fish fisheries lead to growth overfishing, changing the target fish size should be an urgent task for the fisheries management. To enhance fisheries management, tools to forecast revenue would be helpful. Additionally, the forecast results should be a strong incentive for fishers to support fishery regulations. Through the application of the VPR model to the bighand thornyhead stock, scientific advice based on VPR would meet the needs of fisheries management and be more informative than recommendations based purely on biological analysis.
The results of the VPR and YPR models differ; the VPR model indicated that optimum age at first capture, t c , is age 8 years, whereas that for the YPR model is 6 years using the current fishing mortality F = 0.12.
Regarding the current situation of the fishery, increasing the age at first capture by changing the gear selectivity for fish length may present difficulties. Fish are mainly caught by trawl gears, which simultaneously target multiple species. The gear can not be set to optimize selection of the ideal size of bighand thornyhead. However, if fishers use their experience to identify fishing grounds, they could select fishing grounds for larger fish, which would increase their yield or revenue. [20] b Inferred from Hattori et al. [20] and Pacific Fishery Management Council [22] (see text) c Converted from an allometric length-weight relationship [20] d Growth curve [20] e Price curve parameters fitted to the data (see text) If both fishing mortality and age at first capture could be increased over current levels, YPR and VPR would increase. Theoretically, YPR and VPR were maximized at F = ?, but excess fishing effort leads to a decrease in the spawning stock biomass and recruit overfishing, which is not presented in the YPR and VPR analysis. For considering the increase in the fishing mortality, it is recommended that spawning-per-recruit (SPR) analysis [23] should be conducted in addition to the YPR and VPR analysis.
Although several factors influence fish price, the current study focuses on the effect of size. A dependency of the exvessel price on fish size is the rule rather than the exception in fisheries [10] . With regard to the bighand thornyhead stock, the ex-vessel price per kilogram is higher for larger fish. For example, the ex-vessel price per fish for the large fish category (10 fish per box) is 10 times higher than the small fish category (60 fish per box).
Generally, the fish price depends on the landing weight [9] . However, the current study ignored the effect of landing weight on ex-vessel price because the production of the stock was quite stable in 2000-2005 and the variation of YPR was less than 10% for t c = 3-9 years at the current fishing mortality F = 0.12. However, the current model could be expanded to consider the effects of landing weight on ex-vessel price.
In conclusion, this paper demonstrates that the VPR model, originally proposed by Hayashi and Hasegawa [12] , provides a tool for fisheries management through the use of stock assessment data and ex-vessel price information available from the monitoring program. Although the model is simple in form, it allows biological and economic information for fisheries management to be estimated. The VPR model provides fishery managers information for policy formulation, which they can transform into a management plan. However, further research should be conducted to develop a more sophisticated model that includes the influence of landing weight on ex-vessel price.
The exploitation of bighand thornyhead caught along the Pacific coast of northern Honshu was close to the optimal level considering both biological and economic consequences and using the current selectivity for fisheries. However, there is potential to increase the revenue up to 47% if the selectivity could be changed to the optimum age at first capture t c = 8 years. 
